ABSTRACT A sensitive confocal Raman microspectrometer was employed to record spectra of nuclei and cytoplasmic regions of single living human granulocytes. Conditions were used that ensured cell viability and reproducibility of the spectra.
INTRODUCTION
Raman spectroscopy (RS) has proven to be a powerful method for the characterization of biological molecules (see references 1-3 for reviews). The spectra, which are of a vibrational nature, convey information about the structure and chemical (micro)environment of the molecules and molecular subgroups that are present in a sample. The main disadvantage of RS is the inherently low intensity of the signal obtained. In situ studies of biological molecules at a single cell level have therefore been limited to the case of the highly condensed DNA in salmon sperm cells (4) and to molecules that can be resonantly excited (5) (6) (7) . The novel sensitive confocal Raman microspectrometer (CRM) developed in our laboratory greatly extends the applicability of RS in this respect. It enables the investigation of single cells and chromosomes with a spatial resolution of 0.45 x 0.45 x 1.3 ,um3 (8, 9) .
There are some noticeable differences between working with living cells and working with model systems concerning the way experiments can be carried out and the interpretation of the results. First of all cell viability is a matter of concern which poses limitations on the laser light intensity, the laser wavelength, and the measurement times that can be employed (62) . In line with this the choices of these parameters must be such that reproducible spectra can be obtained. In experiments with isolated compounds, potential photochemical, or photothermal effects can often be precluded by employing a flow system instead of a static sample container. Apart from these experimental factors the intrinsic reproducibility of cell spectra will be lower than of isolated compounds because of the simple fact that molecules are not homogeneously distributed throughout the cell. Furthermore the molecular composition of cells or subcellular structures is not precisely known, unlike that of isolated compounds or model systems. The first step in the interpretation of cell spectra is therefore to identify the molecules contributing Raman signal. After that comparisons can be made with spectra of isolated compounds or model systems to learn more about the molecules in their natural environment.
The CRM is presently being used for a RS characterization of white blood cells, as a prelude to studies concerning their functioning in the human immune system. This paper describes a Raman microspectroscopic investigation of human neutrophilic, eosinophilic, and basophilic granulocytes and was carried out along the lines described above. These cells, especially eosinophilic and neutrophilic granulocytes, are from a practical viewpoint very suitable for a compositional and conformational study of chromatin in situ. The position of the nucleus (in the unstained cells) can in general easily be determined because of the dense granulation of the cytoplasm (see, e.g., reference 10). It was furthermore of importance in view of our long term goals to learn whether some of the cytoplasmic compounds of the granulocytes, known to play key roles in defense mechanisms could be traced by means of RS.
Neutrophilic granulocytes are very motile cells that respond to chemotactic stimuli. Their main functions are phagocytosis, killing, and digestion of bacteria and other micro organisms. Mature (14) . MPO has been reported to make up 5% of a neutrophilic granulocyte's dry weight (12) . It catalyzes the oxidation of halide ions to hypohalite, which is cytotoxic to bacteria (13) . After phagocytosis these granules fuse with the phagosome upon which degradation of the ingested object commences. Mature neutrophilic granulocytes are deficient in protein synthesis as is evident from the fact that they possess only a few ribosomes and a small endoplasmatic reticulum (14) .
Eosinophilic granulocytes are cytotoxic to parasites and play a negative modulatory role in immuno inflammation. Their exact function is not yet understood (13, 15) . The nucleus of an eosinophilic granulocyte usually consists of two rounded segnents. In the cytoplasm approximately 200 granules are found, with an average diameter of 0.9-1.3 ,um (14) . These granules contain a crystalloid core, consisting of a single protein, called the Major Basic Protein. The core is surrounded by a less electron-dense granule matrix, in which high concentrations of eosinophil peroxidase (EPO) are found. EPO, like MPO, is a heme protein (15, 16) .
Basophilic granulocytes possess granules up to 1.2 ,um in diameter (17) which contain large amounts of heparin and histamine (14) . Basophilic granulocytes play an important role in hypersensitivity responses (18) .
MATERIALS AND METHODS

Sample preparations
Peripheral blood of healthy individuals was obtained by venipuncture. Neutrophilic and eosinophilic granulocytes were isolated as a mixed cell fraction by means of a density gradient method (19) .
Basophilic granulocytes were isolated (from the total white blood cell fraction) by means of fluorescence activated cell sorting, after labeling with a human IgE antiserum conjugated to fluorescein (20, 21) (Kent Laboratories Inc., Redmont, WA). The 488 nm line of an Argon-ion-laser was used for fluorescence excitation. 80% pure basophilic granulocyte samples were obtained in this way. During labeling, sorting, further preparation, and RS measurements, the cells were kept at a temperature < 4°C. The sheet fluid of the flow sorter was also cooled to 4°C. As evidenced by cytospin preparations stained with Wright's stain (22) RS measurements of the DNA and protein solutions were carried out with the samples held in a small plastic container covered by a microscope cover glass. The same objective as used for the MPO measurements was employed. A Raman spectrum of stock solution of the fluorescein-conjugated human IgE antiserum was recorded with the sample in a capillary tube as used for the MPO sample using the same microscope objective.
For all spectra shown, water signal contributions have been subtracted. Wave number calibrations were made on the basis of an indene spectrum recorded at the same setting of the spectrometer as used in the cell measurements. Positions of well-resolved bands are accurate within ±2 cm-'. The spectra were corrected for the wavenumber-dependent signal detection efficiency of the set up and for pixel-to-pixel variations in detector sensitivity (9) .
Absorption spectra were recorded on a Beckmann DU-8 spectrophotometer.
Cell viability
The acridine orange-ethidium bromide method (24) was used to test cell viability, after the measurements.
Determination of DNA-protein ratio
The 
RESULTS
Raman spectra were obtained from nuclei and cytoplasmic regions of intact human neutrophilic, eosinophilic, and basophilic granulocytes. The fact that the basophilic granulocytes were fluorescently labeled did not interfere with the recording of Raman spectra, because the fluorescein molecules were not excited by the 660 nm laser light (see also Fig. 6 ). Fig. 1 shows a neutrophilic granulocyte nuclear spectrum, Figs. 3, 5, and 6 show cytoplasmic spectra. Significance and validity of any (quantitative) interpretation of these spectra depend of course on the reproducibility of the results, both with respect to cell-to-cell and intracellular variations as with respect to possible laser irradiation induced effects. These matters will therefore be discussed first.
Cell viability
It was already shown that lymphocytes survive a 300-s 660-nm laser irradiation at powers up to 20 mW using the same optical configuration as used here (62 Cytoplasmic region Peroxidase lines in the neutrophilic and eosinophilic granulocyte cytoplasmic spectra were found to slowly decrease in intensity when consecutive recordings were made at the same position in a cell. This is most likely due to photochemical processes (63, 64) caused by the absorption of laser light (see Fig. 4 Fig. 5 ).
In basophilic granulocytes no influence of prolonged laser irradiation was observed.
Raman line assignments and interpretation
Spectra obtained from the nucleus and cytoplasmic region of the cells will be discussed separately.
Nuclear spectra. Fig. 1 shows a neutrophilic granulocyte nuclear spectrum averaged over five measurements. As mentioned above only small variations in line intensities were found in separate measurements. Neutrophilic, eosinophilic, and basophilic granulocyte nuclear spectra were found to be indistinguishable. The origin of the 1,048 cm-' line is not clear at this moment (see below). All other lines in the nuclear spectra could be assigned to DNA and protein vibrations (Table 1) . Possible RNA (31) and lipid (32, 56, 57) signal contributions are not discernable. The assignments were based on reported RS studies of DNA, nucleosomes, and chromatin (26) (27) (28) 33 , and references therein).Upon comparison with the spectra in these studies, it appears that in the nuclear spectrum the line-intensity of many DNA-base vibrations relative to the line-intensity of the backbone phosphate vibration at 1,094 cm-' is significantly lower. This is accounted for by the fact that in this work a laser excitation wavelength of 660 nm was used while in the work referred to 514.5 nm laser light was used. In reference 34 it was shown that the relative intensity of base vibrations depends on laser excitation wavelength. This phenomenon was ascribed to preresonance effects. The low intensities of the base-vibration lines, among which the 1,487 cm-' line of guanine, are therefore not the result of DNA-protein interactions (35) in the nucleus. We have so far been unable to assign the 1,048 cm-' line. It is not present in the cytoplasmic spectra. It is also absent from spectra of DNA, nucleosomes, chromatin, metaphase chromosomes, and polytene chromosomes (8, 26-28, 33, 36, 37 Abbreviations: phe, tyr: phenylalanine, tyrosine; p: protein; A, T, G, C: adenine, thymine, guanine, cytosine; sym., asym., str., def.: symmetric, asymmetric, stretching, deformation; BK: backbone. from a compound or complex evenly distributed throughout the nucleus. A weak line at 1,048 cm-1 can be observed in spectra of ribosomal RNA isolated from rat liver (36) . As noted before, however, the nuclear spectrum contains no evidence for the presence of RNA.
DNA secondary structure A number of marker lines has been established for the determination of DNA secondary structure from Raman spectra (33, 37, 38) . They show that the predominating conformation of the nuclear DNA is the B-form. Evidence for this are the strong line at 1,094 cm-', due to the P02-symmetric stretching vibration of the DNA backbone; the line at 833 cm-', belonging to a ribosephosphate vibration of B-form DNA (but overlapping with the tyrosine doublet at -830 and 853 cm-'); and the positions of the ring-breathing vibrations of the DNA-bases (Table 1) , which are consistent with a C'2-endo-anti-sugar puckering.
No lines are found near -807 and 870 cm-'. This excludes the presence of large amounts of A-DNA or C-DNA. Small amounts of A-DNA have, however, been found in predominantly B-form DNAs (32) . In spectra of nucleosomes (23) and reconstituted nucleosomes (34) indications were found that the complexed DNA possessed a slightly larger relative amount of A-DNA structure than free (B-form) DNA.
We have attempted to subject the spectral region around 810 cm-' to a closer examination by means of a line fit procedure (42) to check for the presence of a hidden A-DNA line. However, the complexity of the spectrum is such that it prohibits a reasonable estimation of the background signal level. When the background parameters were included in the fit the resulting background signal level was strongly dependent on the number of lines used to fit the spectrum. Therefore no further information about the presence of A-DNA structure in the granulocyte nucleus could be obtained.
Z-DNA possesses a characteristic guanine vibration at -625 cm-' (43) . The weak line at 623 cm-' in the nucleus spectum is, however, most likely due to a phenylalanine vibration. Our conclusion is therefore that from the spectrum of Fig. 1 no evidence can be obtained for the presence of non-B-form DNA structures in the nuclei of granulocytes.
Protein secondary structure Information about protein secondary structure can be derived from the Amide I and Amide III spectral region (Table 1) 3-sheet signal contributions would have been expected at higher wavenumbers (-1,665-1,680 cm-'). The only overlapping DNA signal in this region is due to carbonyl stretching vibrations of thymine, centered around 1,670 cm-' (33) (see Fig. 2B ). The Amide III region is severely overlapping with DNA-base vibrations. Therefore not much information can be derived from this part of the spectrum. However, from the fact that a strong line below 1,240 cm-' is absent it follows that only minor amounts of 1-sheet structure are present. An extra (Fig. 2 C) is therefore representative of a sample with a 1:1 DNA-protein ratio (as in nucleosomes).
Comparison of Fig. 2 C with the nucleus spectrum of Fig. 1 thus immediately shows that a large amount of NHP must be present in the granulocyte nuclei. We have made an estimation of the DNA-protein ratio in the granulocyte nucleus using the 1,094 cm-' line in the nucleus spectrum as a marker for DNA concentration and the 1,449 cm-' line as a marker for protein concentration (see Materials and Methods) . The result is given in Table 2 . The histone-NHP ratio follows directly from this result.
Cytoplasmic spectra. Spectra obtained from cytoplasmic regions of neutrophilic, eosinophilic, and basophilic granulocytes are shown in Figs. 3, 5, and 6. Contrary to the nuclear spectra, they differ dramatically. Fig. 3 A shows the Raman spectrum obtained of the cytoplasm of neutrophilic granulocytes. Strong signal contributions of MPO are present, as is clear from the spectrum of the purified enzyme shown in Fig. 3 B. MPO is a dimeric protein containing two covalently bound active site heme groups (47, 48) . Its optical absorption spectrum is shown in Fig. 4 . The MPO spectrum of Fig. 3 B strongly resembles, but is not identical to, resonance Raman (RR) spectra of the enzyme obtained with laser excitation in the absorption (Soret) band centered at 428 nm (47, 49) . Strong lines present in the RR-spectra at 675 and 1,551 cm-' are absent from the MPO and neutrophilic granulocyte spectra excited at 660 nm. On the other hand the strong lines at 982, 1,502, and 1,542 cm-' in the spectra of Fig. 3 are absent or very weak (982 cm-') in the RR spectra.
Neutrophilic granulocytes
Electron paramagnetic resonance studies showed MPO to possess high spin ferric heme groups (50) . The RR studies confirmed this and moreover showed that the MPO heme groups are most likely chlorins (47, 49) . Their low symmetry inhibits vibrational coupling. Resonance enhancement occurs therefore via direct electronic transition. The excitation profiles in the interval 300-600 nm for heme group vibrational modes shown in reference 47 all have a virtually identical wavelength dependence. There is a strong enhancement (up to 120 times) upon excitation in the Soret band and no or very little enhancement upon excitation in the visible absorption band at 568 nm. Based on these data the occurrence of new lines in the spectra presented here can only be explained by the fact that they are not or only weakly W&VELENGM (nm) enhanced upon excitation in the Soret band and become visible here because of the reduced enhancement of other modes upon 660 nm excitation. This explanation can be reversed to account for the disappearance of lines, i.e., modes which are very strongly enhanced upon excitation in the Soret band will show the largest relative decrease in intensity upon 660 nm excitation. However, this does not provide a completely satisfactory explanation because it cannot account for the fact that, e.g., the lines at 1,362 and 1,590 cm-1 are still present in the spectra of Fig. 3 while the 1,551 cm-' line has disappeared. All three lines are of the same intensity in the RR spectra (47, 49) and have equal enhancement factors upon Soret band excitation (47) . It would therefore be of interest to extend the excitation profiles given in reference 47 from 600 to 700 nm so that they include the weak absorption bands that are present at 626 and 684 nm (see Fig. 4 ).
The (51) . The eosinophilic granulocyte cytoplasmic spectra are characterized by a very high signal intensity (e.g., >3 times higher than found for neutrophilic granulocytes, with the same incident laser power and measuring time). Nearly all of this signal comes from the secondary granules. This is evident from a comparison of spectra A and B in Fig. 5 found in the spectra excited at 406.7 nm (in the Soret band) is already much reduced in intensity under 514.5 nm excitation (52) and only present as a shoulder in Fig. 5 A. It may also account for the fact that a line at 1,560 cm-' in the spectra in reference 52 is not found in the present spectra and for the fact that a line at 1, 548 cm-' has appeared here which is absent from the spectra in reference 52. The appearance and disappearance of lines at 1,548 and 1,560 cm-', respectively, is an observation very similar to the one made for MPO. Another similarity with the results of MPO is the fact that in our spectra the 982 cm-' line is strong, while it is very weak in the spectra in reference 52. Even more so than in the case of MPO in neutrophilic granulocytes the signal contributions of EPO dominate the spectrum to an extent that it will be difficult to obtain any information about other cytoplasmic components.
Basophilic granulocytes Spectra obtained from the cytoplasmic region of basophilic granulocytes showed large qualitative and quantitative variations. The spectra could roughly be divided into two groups, representatives of which are shown in Fig. 6A (32, 56, 57) suggesting the presence of phospholipid signal contributions at 1,297 and 1,268 cm-'. These could also account for the position of the CH2 bending vibration line at 1,446 cm-which is lower than usually found for proteins (-1,449-1,451 cm-'), and for part of the signal found between 1,040 and 1,130 cm-'. Phospholipid signal contributions could possibly originate from the dense multiple concentric membranous arrays found in the cytoplasmic granules (58) . The fact that these granules are bound to the cell membrane (17) may (partly) explain the low reproducibility of basophilic granulocyte cytoplasmic spectra, because it implies that the distribution of granules in the basophilic granulocyte cytoplasm is very inhomogeneous.
CONCLUSIONS
High quality Raman spectra were obtained from nuclei and cytoplasmic regions of single living human granulocytes. It was found that the nuclear spectra of neutrophilic, eosinophilic, and basophilic granulocytes were indistinguishable, and contained only clear signal contributions of DNA and proteins. RNA or phospholipid contributions were not discernable.
The B-form was found to be the predominant DNAconformation. This does not imply that other DNA forms are absent. The complexity of the spectra is such, however, that alternative DNA conformations, involving < 5-10% of the total DNA, will be hard to detect.
The most fortunate situation would be when differences in DNA secondary structure would exist between different nuclear domains. Difference Raman spectroscopy could then be applied which could lower the level of detectability of non-B-form DNA. The nuclear proteins possess predominantly a-helical and random coil domains. The DNA-protein ratio (w/w) was determined to be 1:2.3 (+0.4) and from this followed that the histone-NHP ratio is 1:1.3 (+0.4). A (thus far unassigned) line was found at 1,048 cm-' in the nuclear spectra that has not been observed before in spectra of DNA, chromatin, or chromosomes. It was the only line which showed large variations in intensity. The neutrophilic and eosinophilic granulocyte cytoplasmic spectra contained large signal contributions of MPO and EPO, respectively. They showed that these enzymes can be studied in situ by means of Raman spectroscopy. An exciting prospect is the possibility to monitor the processes of phagocytosis and digestion of foreign objects. The peroxidases can then be studied in their active state in the cell. It will probably be advantageous then to shift the laser excitation wavelength to 750 nm. In that way absorption of laser light by the enzymes, which in the present work limited the measuring time to 30 s, is avoided.
The basophilic granulocyte cytoplasmic spectra appear to contain large phospholipid signal contributions, but the spectra and their large cell-to-cell variation remain puzzling.
The fact that Raman spectra could be obtained from basophilic granulocytes after immuno labeling with fluorescein conjugated antiserum is very valuable. It offers a method to select specific cell populations for Raman spectroscopic analysis. The combination of fluorescence activated cell sorting and Raman microspectroscopy is presently used to study different lymphocyte subclasses.
